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INTRODUCTION
Phase transitions and lattice dynamics in solids, structural changes in proteins, and
chemical reactions occur on timescales of femtoseconds to picoseconds.  Time-resolved
x-ray diffraction offers a direct probe of these processes on the atomic scale.  In this
ongoing experiment, we investigate laser-induced structural dynamics in the
semiconductor Indium Antimonide1. We report the direct observation of laser-induced
coherent acoustic phonons, and probe in real time the transition from an ordered to a
disordered state.

EXPERIMENT
The experiment was performed at beamline 7.3.3.  The white beam is monochromatized
to 5 keV by a Si (111) crystal and then diffracted off an asymmetrically-cut InSb (111)
crystal onto the detector. The detector is a streak camera with 3 picosecond time
resolution running in averaging mode2.  A 1 kHz Ti:Sapphire laser system produces 150
femtosecond, 800 nm laser pulses, at 2.5 mJ/pulse.  The laser is synchronized to the
synchrotron RF with 2 ps jitter.  One part of the laser pulse is split off to trigger a
photoconductive switch which drives the sweep plates of the streak camera. A second
part of the laser pulse is overlapped temporally and spatially with an x-ray pulse on the
InSb crystal and initiates a structural change in the material. The crystal structure is then
probed at later times by measuring the time-resolved diffracted intensity on the detector.

RESULTS
X-ray diffraction measurements were made at different rocking curve angles (the angular
deviation from the Bragg condition) and at different laser fluences. In fig. 1, the
normalized time-resolved diffraction efficiency is shown at an angle of +40 arcseconds, at
a fluence of ~10 mJ/cm2.  It is observed that along with an initial drop in the diffracted
intensity, the reflectivity oscillates with a period of ~15 picoseconds, indicative of fast,
large-amplitude, coherent lattice oscillations.



Figure 1.  Normalized x-ray reflectivity on the large angle side of the rocking curve
     following ultrafast laser excitation.

We interpret this result in the following manner:  On a timescale faster than the lattice can
relax, an impulsively generated stress develops through either thermal heating of the
lattice or direct acoustic deformation potential coupling of excited carriers to the lattice.
This results in the excitation of coherent acoustic phonons across a range of wave vectors
near the Brillouin zone center.  Off the peak of the rocking curve, the wave vector of an
acoustic phonon compensates for the mismatch between the reciprocal lattice vector and
the scattering vector.  This is similar to diffuse scattering experiments, except that the
scattering is due to coherent rather than incoherent thermal vibrations, so that the
intensity oscillates at the acoustic phonon frequency.

The acoustic phonon dispersion relation near the zone center is measured by recording the
oscillation frequency for different angles relative to the Bragg peak (Fig. 2).

    
Figure 2. Oscillation frequency for different rocking curve angles, a measure of the phonon dispersion
relation.  The slope is proportional to the longitudinal acoustic sound velocity in the material.

From the slope of the above plot, we find the longitudinal acoustic sound velocity along
the 111 direction to be 3 ± 1 km/sec in agreement with the known value of 3.7 km/sec.



The atomic displacements due to the coherent phonon oscillations can be estimated from
the observed oscillation amplitude.  We estimate an amplitude on the order of 10% of a
lattice spacing, consistent with the incoherent acoustic phonon amplitude one would
expect for InSb near its melting transition.

At higher laser fluences (>15 mJ/cm^2), near the damage threshold of the material, the
diffracted intensity follows the lower fluence data for the first half period of an
oscillation, but does not recover (Fig. 3).  In effect, the atoms are impulsively excited out
of the harmonic potential in which they normally reside, into a disordered state.

                             Figure 3.  Normalized diffracted intensity on the larger angle side of the
                             rocking curve, at a laser fluence ~ 15mJ/cm^2.

CONCLUSION
In this work, an ultrafast laser-induced phase transition in InSb was investigated using the
method of time-resolved x-ray diffraction.  We directly observe the excitation of large
amplitude coherent lattice motion, and a transition to a disordered state.  In addition, it is
demonstrated that x-ray diffraction may be used in the time domain as a probe of phonon
dynamics.
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